A protein kinase activity was observed in coated vesicles, prepared from bovine brain, that had clathrinassociated protein 2 (CAP2, also known as clathrin light chain 2) as its principal substrate. Coated vesicles were purified by sucrose density gradient centrifugation followed by Sephacryl
S-1000 column chromatography, and all buffers utilized in these procedures contained a mixture of proteolysis inhibitors to maintain CAP2 kinase activity. Incubation of vesicles with [-32P ]ATP in the presence of 7 IAM polylysine resulted in an overall increase in the incorporation of phosphate. NaDodSO4/ PAGE revealed that the principal recipient of this additional phosphate was CAP2 (Mr 33,000), the faster-migrating component of the clathrin coat-associated proteins, whereas CAP1 (Mr 36,000) was not phosphorylated. A number of other proteins, in the Mr 140,000 and 100,000 regions, were phosphorylated to a lesser extent. Polyarginine and polyethylenimine also supported CAP2 phosphorylation, but arginine and lysine were ineffective. The phosphorylated protein was identified as CAP2 because addition of exogenous CAPs resulted in increased incorporation of label into Mr 33,000 polypeptides and because heat treatment of labeled vesicles followed by ultracentrifugation resulted in recovery of labeled Mr 33,000 protein in the supernatant. Phosphorylation of CAP2 may play a regulatory role in clathrin coat/coated vesicle functions.
Coated vesicles are known to carry a protein kinase activity that utilizes a vesicle-associated, Mr 50,000 protein (pp5O) as the principal substrate (1) (2) (3) (4) . This enzyme activity is not modulated by a variety of known effectors, although it does require Mg2+. It was recently suggested (5) that the kinase activity resides in the ppSO itself, since 8-azidoadenosine 5'-[a-32P]triphosphate was found to associate with a doublet of proteins (Mr 53,000 and 50,000) in liver coated vesicles which appears to be related to the brain vesicle protein, a singlet at Mr 50,000. Additional support for this proposal is the copurification of kinase activity with a complex isolated from brain coated vesicles and consisting of Mr 50,000 and 100,000 proteins. These proteins are implicated as an assembly factor for the in vitro formation of "baskets" by the clathrin-CAPs complex (6) . Furthermore, interaction of the CAPs (clathrin-associated proteins) with the kinase complex stimulates phosphate incorporation into ppSO (7) . However, it is unknown what role, ifany, phosphorylation ofppSO plays in the function of the assembly polypeptide complex. We report here the expression of a kinase activity associated with brain coated vesicles that utilizes CAP2 (also known as clathrin light chain 2) as a principal substrate and therefore may modulate clathrin coat functions in coated vesicles.
MATERIALS AND METHODS
Materials. Histones (types II-AS, III-S, V-S, and VIII-S), poly(L-lysine) (average Mr 16,000), poly(L-arginine) (Mr 40,000), poly(L-aspartate) (Mr 15,000), poly(NE-carbobenzoxy-L-lysine) (Mr 10,000), spermidine, lysine, arginine, leupeptin, benzamidine, egg trypsin inhibitor, phenylmethylsulfonyl fluoride, and 2-(N-morpholino)ethanesulfonic acid (Mes) were from Sigma. [y-32P]ATP (10 mCi/ml, 2900 Ci/mmol; 1 Ci = 37 GBq) was purchased from New England Nuclear. Polyacrylamide gel electrophoresis reagents were from Bio-Rad. Scintiverse scintillation solution and other reagent-grade chemicals were. from Fisher. X-Omat R film and developing chemicals were from Kodak. Sephacryl S-1000 was from Pharmacia, and enzyme-grade sucrose from Schwarz/Mann.
Methods. NaDodSO4 (0.1%)/polyacrylamide (5-15%) gradient gel electrophoresis was performed according to Laemmli (8) . Gels were stained with Coomassie blue, and protein was determined by the method of Lowry et al. (9) using bovine serum albumin as standard.
Preparation of Coated Vesicles. Four beef brains yielding =500 g of cortex were obtained from a local slaughterhouse and processed as described (10) , with the addition of a mixture of proteolysis inhibitors [leupeptin, 1 ,ug/ml; egg trypsin inhibitor, 2 ,g/ml; phenylmethylsulfonyl fluoride, 0.2 mM; and benzamidine, 0.5 mM (final concentrations)]. The 100,000 x g pellets obtained from the crude homogenate were resuspended in 0.1 M Mes buffer containing 0.5 mM MgCl2, 7 mM 2-mercaptoethanol, 1 mM EGTA, 0.02% sodium azide, and the proteolysis inhibitors and sedimented through two sets of sucrose gradients. The vesicle fractions were resuspended in the Mes buffer containing the inhibitors and chromatographed on a 2.5 x 100 cm Sephacryl S-1000 column to remove contaminating membranes. Purified vesicles were generally rechromatographed to increase their purity, finally yielding 35-50 mg of highly pure coated vesicles. The whole procedure took 4 days. Vesicles remained active for a month when stored at 4°C with the proteolysis inhibitors. In agreement with previous reports (1, 2) , vesicles prepared in this manner did not exhibit Ca2+/calmodulin-regulated protein kinase activity (3). Inclusion of the proteolysis inhibitors appeared important for preservation of proton-pump activity and CAP2 kinase activity, because earlier preparations of coated vesicles carried out in the absence of the inhibitors yielded equivocal results in the detectable levels of these enzyme activities.
Assay for the Endogenous Coated Vesicle Kinase Activities. The standard reaction mixture contained 100 mM Tris Cl buffer (pH 7.5), 10 mM MgCl2, coated vesicles (100 ,g of protein, added in 10-20 ,ul of the Mes buffer mixture), 20 ,uM [y-32P]ATP (specific activity 500-1000 cpm/pmol), and various additional reagents in a total volume of 100 ,Al. The Abbreviation: CAP, clathrin-associated protein.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. reaction mixture was preincubated at 30'C for 5 min, and the reaction was initiated by the addition of ATP. Generally, the reaction was allowed to proceed for 3 min, at which time 50
Al of 1% NaDodSO4/30% (vollvol) pp5O , with the appearance of some label in CAP2 and histone type II-AS (Mr 14,000). Upon addition ofhistone type III-S, heavy phosphorylation was observed in the Mr 33,000 region of the gel, which contained both histone type HI-S and CAP2. When histone type V-S was used, the pattern obtained resembled that of lanes 2 and 3 combined. Lane 5 shows somewhat less overall phosphate incorporation and contained added histone type VIII-S, which is arginine-rich, in contrast to the other histone preparations, which are lysinerich. Lanes 6 and 7 illustrate that phosvitin served as an effective substrate for phosphorylation only when histone type II-S was added concurrently. Since the histone fractions altered the phosphorylation pattern of endogenous vesicle proteins with varying effectiveness, it was deemed necessary to determine whether the observed changes were due to the charged nature of histones. A series of amino acid polymers were tested for their ability to alter the substrate specificity of the coated vesicle kinases. These homopolymers were chosen because they were incapable of serving as substrates for the enzyme and, consequently, would not complicate the labeling pattern observed after gel electrophoresis.
Dependence of CAP2 Phosphorylation on the Presence of Basic Polymers. Fig. 2 illustrates the effects of a variety of agents upon phosphorylation of endogenous coated vesicle substrates. Lanes 1-3 illustrate the dose-response for polyethylenimine. The change in phosphorylation pattern that occurs when sufficient polymer has been added may be due to a second kinase activity or, alternatively, to a shift in the specificity of the pp5O kinase. Lane 4 illustrates the effect of poly(L-lysine) on this system. Note the clearly labeled doublet in the Mr 50,000 region of the gel and not detectable (or resolved) in the other lanes. Lanes 5-8 show the effect of various amounts of poly(L-arginine) on the vesicle kinase. This polymer is not as effective as the previous two, resulting in an overall decrease (:50%) in total phosphate incorporation when compared with standard assay conditions.
The addition of poly(L-aspartate) (lane 9), an anionic polymer, did not change the pattern of phosphorylation, and it neutralized the effect of polylysine when added concurrently (data not shown). Addition of poly(Ne-carbobenzoxylysine) ( Fig. 3 . From this autoradiograph it is apparent that phosphate was incorporated rapidly and uniformly into the various proteins, with maximal incorporation at 2 min. Liquid scintillation counting of the major radioactive bands indicated that the reaction was 85% complete after 1 min (data not shown).
To determine whether labeling of CAP2 occurred in the absence of effectors, we increased the specific activity of the [y-32P]ATP 10-fold to ensure that even minor phosphate incorporation would be detected. of iodinated vesicle proteins (ref. 12 and unpublished data). However, to investigate the possibility that the phosphate was incorporated into another protein comigrating with CAP2, we performed two different experiments. Fig. 5A shows the Coomassie blue-staining pattern of untreated coated vesicles and of the supernatant obtained after heating (100C, 3 min) of labeled coated vesicles and subsequent ultracentrifugation to remove denatured protein and membranes. Lane 1 shows that, as expected (13), basically only two polypeptides remained in the supernatant, CAP1 (M, 36,000) and CAP2 (Mr 33,000). The label is associated only with CAP2 (Fig. SB) . Additional evidence that CAP2 was the principal substrate of the polylysine-stimulated kinase is shown in Fig. 5C . When CAPs purified by heat treatment and ultracentrifugation as above were added to the reaction mixture containing polylysine, the incorporated label in the Mr 33,000 region of the gel nearly doubled (14,400 cpm vs. 9300 cpm), whereas there was essentially no change in pp5O labeling (5500 cpm vs. 5800 cpm) (see Fig. 5C , lanes 5 and 6).
In the same experiment, 13,600 cpm was incorporated into pp5O in the absence ofpolylysine (Fig. 5C, lane 4) . A decrease in phosphate incorporation in the Mr 50,000 region of the gel was consistently observed when polylysine was present in the assay. Addition of polylysine to the incubation mixture was accompanied by an increase in turbidity and the occasional appearance of an additional labeled polypeptide mi- grating at Mr 53,000 (Fig. 2, lane 4) . Detection of this band seems to correlate specifically with the presence of polylysine and not with the other polymers that can induce CAP2 phosphorylation. The significance of this observation awaits further study and improved resolution of these two polypeptides. In the work presented here, all tabulated data comparing phosphate incorporation into pp5O under different conditions represent the total label incorporated into the Mr 50,000 region of the gel; thus, it is possible that phosphorylation of two (or more) polypeptides may contribute to these values. DISCUSSION An important mechanism by which neuronal cells regulate specific processes in response to changes in their environment is protein phosphorylation (14, 15) . The putative role of ATP in coated vesicle formation and/or function is far from being thoroughly understood. Several laboratories have reported the presence of a protein kinase activity in coated vesicles that appears-to be specific to these organelles (1) (2) (3) (4) . Recently, additional roles for ATP in vesicle function have been postulated, including the generation of a pH gradient via a vesicle-associated proton pump (10, 16) , the disassembly of the clathrin lattice (17, 18) , and possibly in the recruitment of clathrin to form the coated vesicle (19) .
Coated vesicles prepared in our laboratory without addition of protease inhibitors and using a Sephacryl S-1000 column buffer containing 20 mM Mes (pH 6.5), 0.15 M NaCl, 1 mM EGTA, and 7 mM 2-mercaptoethanol exhibited a casein kinase activity that did not require the presence of either histone or polylysine for its expression, in contrast to the kinase activity of the vesicles prepared by the protocol used in this study. This point is worth emphasizing because several laboratories have utilized exogenous substrates to investigate the properties of coated vesicle-associated kinases and have obtained results differing from ours (20, 21) . Both groups have observed phosphorylation of phosvitin by their vesicle preparations, whereas we do not observe phosphorylation of this protein unless histone type II-AS or polylysine is added concurrently (Fig. 1) . This difference may be explained by the differing protocols used by these laboratories to prepare and assay their vesicle preparations, since it is known that the coat structure is sensitive to high sucrose concentrations during centrifugation (22) and that the change in specificity of the vesicle kinase described in this report is correlated with an increase in turbidity suggestive of aggregation. Polyethylene glycol (Mr 3700) at 10% (wt/vol) final concentration did not induce CAP2 phosphorylation (data not shown). The different preparation protocols and the presence of polylysine may result in alterations of coat and/or vesicle structure allowing access of the exogenous substrate to the enzyme. Usami et al. (20) did not observe labeling of added histone or protamine, although they did mention the appearance of a faintly labeled band at Mr 32,000 and a decrease in pp5O labeling. Alternatively, the variable presence of phosphatases in the different vesicle preparations may change the observed extent and distribution of label.
The effect of the various commercially obtained histone fractions upon vesicle kinase activity seems to correlate with the presence of lysine-rich histone in these preparations. The histone type VIII-S, which is arginine-rich, behaved much like polyarginine, in that it produced an overall decrease in total incorporation of label, with the appearance of some label in the CAP2 region of the gel. The observed effects of polylysine and polyarginine suggest that charge effects alone cannot be causing the observed shift in phosphorylation, since polylysine and polyarginine should both be positively charged under the assay conditions (pH 7.5). Addition of either polymer results in increased turbidity, which suggests that aggregation per se is not alone responsible for the change in phosphorylation pattern. More recent results from our laboratory have shown that polylysine must be of Mr > 14,000 to be effective and that a similar kinase activity is present in coated vesicles prepared from heart (unpublished observations).
The very obvious labeling of pp5O under the standard assay conditions, its presence in all species of coated vesicles studied to date (1) (2) (3) (4) (5) , and the demonstration of its association in a complex that can stimulate assembly of the clathrin triskelion under physiological conditions of pH and ionic strength (6) all suggest an important regulatory role for this protein. Nevertheless, to date there has been no demonstration that phosphorylation plays a role in modifying the interaction of this protein with either clathrin or Mr 100,000 proteins associated with ppSO. An interaction between pp5O, which appears to be its own kinase (5) , and the CAPs apparently can occur, since increased phosphorylation of pp5O has been observed when purified CAPs were added to a partially purified assembly-polypeptide preparation (7). We were unable to demonstrate an effect of CAPs upon ppSO phosphorylation in coated vesicles under our assay conditions, which use ATP of =90% lower specific activity. This difference between our work and that reported by Pauloin and Jolle (7) could be ascribed to the difference in specific activities of the ATP used and the fact that our studies were done with intact coated vesicles and theirs with a partially purified enzyme preparation. Their observation suggested that ppSO phosphorylation may be influenced by the environment and that the CAPs may play a role in the interaction of the assembly-polypeptide complex with the triskelion. Yet there is no defined role for this phosphorylation system in coated vesicle formation and/or function. Our results expand the apparent complexity of the phosphorylation mechanisms operational in coated vesicles and amplify the potential importance of CAPs in coated vesicle formation and/or function.
The addition of polybasic compounds has an effect upon a number of protein kinases (23) (24) (25) . Polyarginine inhibits the activity ofprotein kinase C, ofmyosin light chain kinase, and, though less effectively, ofboth cAMP-and cGMP-dependent kinases (25) . Polyglutamate had no effect upon the activity of protein kinase C and myosin light chain kinase; it is an inhibitor of the cAMP-and cGMP-dependent kinases (25) . Spermidine was shown to inhibit the Ca2l-dependent kinases but not to affect the activity of the cyclic nucleotidedependent enzymes (23) . In contrast, casein kinase II, a protein kinase with no known regulatory cofactors, was shown to be stimulated by polybasic compounds, including spermidine (25) .
Our data suggest that the CAP2 kinase activity was not related to any of the above systems, since we observed no inhibition with polyaspartate, no effect of spermidine, and varying stimulation by polylysine, polyethylenimine, and polyarginine. Also, none of the modulators of these various kinases affected CAP2 kinase activity (data not shown). Our data are consistent with the pp5O kinase activity playing a role in CAP2 phosphorylation, if we assume that the pp5O labeling is autocatalytic and that CAP2 is a substrate, since the overall phosphate incorporation increased somewhat with a concomitant decrease in pp5O labeling. Sequential addition of ATP followed by polylysine demonstrated that the pp5O is not an intermediary form capable of transferring its phosphate to CAP2 (data not shown), but independent phosphorylation sites are not ruled out. Alternatively, our data also are consistent with a single kinase utilizing both pp5O and CAP2 as substrates. However, preliminary experiments utilizing inhibitors that block either pp5O or CAP labeling suggest that these activities are the result of independent kinases (unpublished observations). The final resolution of this problem must await purification and characterization of the kinase(s).
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The demonstration of CAP2 phosphorylation offers exciting possibilities for the regulation of clathrin assembly/disassembly and coated vesicle-organellar interactions, since the CAPs are known to protrude from the surface of the coated vesicle (26) and may play a role in triskelion assembly/disassembly (27, 28) . The requirement for a nonvesicle-associated effector suggests that cytosolic components may be found that can produce the same effect as polylysine or histones and regulate phosphorylation of CAP2.
Note Added in Proof. Recently, Usami et al. (29) described the phosphorylation of CAP2 in the presence of histones.
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